Product excretion by Methylophilus sp. NCIB 12047, Pseudomonas extorquens NCIB 9399 and Pichia pastoris during growth on methanol was examined. These organisms possess the ribulose monophosphate pathway. the serine pathway and the dihydroxyacetone pathway of C, assimilation, respectively. Only Methyluphilus sp. NCIB 12047 produced significant amounts of extracellular product from methanol under conditions of nitrogen limitation in chemostat culture. This was a low-viscosity extracellular polysaccharide containing glucose and mannose in the ratio 3 : 1. Maximum polysaccharide production occurred under nitrogen limitation at a methanol/ammonium sulphate ratio > 10. The other two organisms responded to nitrogen limitation by increasing the rate of methanol oxidation to C 0 2 . The maximum yield for polysaccharide production by Methjllophilus sp. was 0-34 g (g oxygen)-' and 0.30 g (g methanol)-'. The maximum specific rate of polysaccharide production was 0.18 g (g protein)-' h-I. Methylophilus sp. grew readily under oxygen limitation and excreted an extracellular polysaccharide under these conditions. Examination of the biochemical pathways for polysaccharide production via the various C, fixation routes indicates that the ribulose monophosphate pathway is energetically the most favourable. Polymer production by Methylophilus sp. is energetically neutral in terms of net ATP demand; however, the rate of ATP utilization for polymer production is equivalent to 65 to 80% of that required for cell production at the same growth rate. The results reported suggest that the energetic constraints imposed by the various pathways of C, assimilation strongly influence both the rate of synthesis and the composition of exopolysaccharides produced by methylotrophs.
with an equimolar mixture of KOH/NaOH. The former, approximately 13.5 mM, served as the source of K t . The trace elements solution contained (g 1-I): ZnS0,.7HZ0, 0.29; CuSO,. 5 H 2 0 , 0.24; MnS0,.4H20, 0-225; CoC12.6H20, 0-27; H3B03, 0.15; NazMo0,.2H20, 0.45.
Growth mediunijor theyrast strain. The tung.11 medium described previously (Linton et al., 1984) was used for continuous culture studies which were done a'. pH 4.5.
Continuous culture. A Biotech fermenter of w Drking volume approximately 3.5 I was operated with virtually no head space as described previously (Linton et al.. 1984) .
Measurements of'.@ow rate. carbon content, Oz and C O , . The flow rate of medium into the fermenter was measured over a period of at least 1 h by mems of a graduated cylinder (500ml) in the medium input line. Similarly, culture output from the fermenter was measured by collecting culture effluent in a graduated cylinder. For routine analysis of cultures, cells were removed by centrifugation at 40000 g for 20 min.
The carbon contents of total culture and culture supernatant were measured using a Beckrnan 915-B total organic carbon analyser.
Oxygen consumption and C 0 2 production try chemostat cultures was continuously monitored as described previously (Linton et al., 1984) . Gas flow rates were measured using a column bubble meter.
Methanol, ammonia, total carbohydrate und protein determinations. Methanol concentrations in the input and effluent medium were determined by gas liquid chromatography, using a Varian Aerograph series 1400 fitted with a Poropak Q column at 160 "C. The ammonia concentrations in the input and effluent medium were determined using a Technicon Autoanalyser 11 . The concentration of extracellular carbohydrate in culture supernatants was determined by the phenol/sulphuric acid method (Herbert et al., 1971) . Culture supernatant protein was determined by the Lowry method. The content of intracellular stored glucose was determined as described by Linton 6: Cripps (1978) . Analysis of bacterial carbon, nitrogen, hydrogen and phosphorus content was as described previously (Linton & Buckee, 1977) .
Composition oj'estraccllulur poljwccharidr. Isolated polysaccharide (freeze-dried, 10 mg) was heated to 95 "C for 16 h with 0.24 M-H2S0, in a sealed vial. The acidic solution was neutralized with Dowex A62-X8 (HC0,-) anionexchange resin, filtered through glass wool to remove resin and made up to standard volumes with distilled water. The component sugars were determined by coilversion to their corresponding peracetylated aldononitriles as described previously (Linton & Cripps. 1978) .
Fast-atom bontburdniertt (FAB) muss ~p t '~~t r o s~o p y . This was done on a VCi Analytical 7070E mediurn-resolution mass spectrometer. FAB spectra were obtained i i , both positive and negative ion modes for all samples examined. The samples were loaded onto the FAB target as aqueous solutions at about 1 pg pl-I as 1 p1 films. Glycerol was used as the matrix. The atom gun was operated at 8 kV and xenon was employed as the bombarding gas.
RESULTS
Product formation by the three methqlotrophic micro-organisms studied will be discussed separately.
Product Jorrnution by Methylophilus sp. NCIB 12047 The medium used for chemostat studizs supported up to 14 g bacterial dry wt I-'. Under methanol limitation (D = 0.05 h -l ) the yield from methanol, YC'H,Ok-l, was 0.43 g (g methanol)-' at methanol concentrations < 10 g 1-l but at higher methanol concentrations there was a marginal decrease in yield (Table 1) .
Efect of the CH3 OH : (NH&so4 ratio on product excretion. Methylophilus sp. NCIB 12047 was initially grown under methanol limitation at a constant dilution rate of 0.05 h-l and at a fixed methanol concentration of 40 g 1-l in the feed medium. Steady states were maintained at various C : N ratios and metabolite excretion was examined ( Table 1) .
The yield of bacteria from methanol and oxygen (g dry wt g-l) decreased as the CH30H:(NH4)2S04 ratio increased from 2 to 12.6; however, further increase in the ratio (ratios up to 17 were measured although the data are not given) did not result in any further decrease in the yield from methanol or oxygen (Table 1) . Conversely, the yield of metabolites excreted increased with increasing CH30H : (NH4)2S04 ratio but no further increase in metabolite yield was observed above a ratio of 12-6 ( Table 1) . Virtually 100% of the product carbon excreted could be accounted for as a low-viscosity extracellular polysaccharide which was composed of glucose and mannose in the ratio 3 : 1.
Under carbon limitation in the chemostat the culture supernatant contained soluble carbon which was composed of protein and carbohydrate and amounted to approximately 9 to 15 % of the steady-state cellular carbon (Table 1 ). This material probably originated from bacterial lysis as a number of methylotrophs undergo a growth-rate-dependent lysis which results in the accumulation of high levels of organic carbon in the culture supernatant at low growth rates (Dostalek & Molin, 1975; Linton & Buckee, 1977; Drozd et al., 1978) . With Methylophilus sp. the amount of supernatant protein when expressed as a percentage of the steady-state cellular protein was independent of the C : N ratio even when excess methanol was present in the culture, indicating that there was no change in the lysis rate under these conditions ( Table 1) .
As the bacterial protein content decreased with increasing C : N ratio, all rates have Been expressed in terms of mmol (g cell protein)-' h-l . This decrease in the cellular protein content was caused by the accumulation of intracellular glucose-containing storage material ( Table 1) . The effect of increasing the C : N ratio on the rate of methanol (qCH,OH) and oxygen (qo2) utilization and C 0 2 production (qco,) is shown in Fig. 1 . All three parameters reached a maximum rate at a CN,OH : (N&)2S04 ratio of approximately 10. As the pmax of Methylophilus sp. is approximately 0.46 h-l, in the absence of any change in the growth efficiency from oxygen this organism would be expected to express a 40, of approximately 49 mmol g-l h-' at pmax. Therefore the apparent saturation of methanol metabolism (qo2 = 18.8) is probably due to regulation rather than saturation of the respiratory or methanol-uptake system. The rate of polysaccharide production (qpolysac) increased with increasing C : N ratio up to a maximum of 0.18 g polymer (g bacterial protein)-* h-l, beyond which further increase in the C : N ratio did not result in an increase in the qpolysac (Fig. 2a) . The maximum observed extracellular polysaccharide yield was 0.30 g (g methanol)-' and 0.34 g (g oxygen)-'.
J . D . L I N T O N A N D O T H E R S
Energetics of polysaccharide produclion. Methylophilus sp. possesses the 2-keto-3-deoxy-6-phosphogluconate aldolase and transaldolase (KDPGA/TA) variant of the RMP pathway of formaldehyde assimilation. Thus the net production of 2 moles of phosphoglycerate from methanol occurs as follows :
The production of glucose 1-phosphate from 2 moles of phosphoglycerate requires 2ATP + 2NADH2. Thus the overall conversion of methanol into glucose 1-phosphate requires 6ATP + 2NADH2. As the production of phosphoglycerate results in the formation of 2NADH2 and 6 ATP (via PQQH,), the overall production of glucose 1-phosphate is energetically neutral. However, a further UTP (ATP) is required per hexose incorporated into polysaccharide but this can be supplied by the combustion of I /7 moles of methanol to CO, via the dissimilatory RMP pathway. The overall stoichiometry of polysaccharide production from methanol via the RMP pathway is therefore : Therefore the production of a glucose : mannose (3 : 1) polysaccharide from methanol is virtually energetically neutral in terms of ATP and NAD(P)H2. Nevertheless, the rate of ATP consumption (7 ATP per hexose incorporated) for extracellular polysaccharide production from methanol is large in comparison to that required for cell production (Fig. 2b) , and under conditions optimal for polysaccharide production (CH30H : (NH&SO4 > 10 the q A T p ) for polymer production is equivalent to 65 to 80% of that required for cell production, assuming a Y,,, for cells of between 8.3 and 10.6gmol-' (Anthony, 1982) . The overall q A T p value for polymer production by Methylophilus sp. is 4 mmol ATP (g dry wt)-l h-l, which is remarkably close to that calculated for the production of xanthan and alginate by Xanthomonas carnpestris (3.8 mmol g-l h-l) and Pseudomonasaeruginosa (4.1 mmol g-' h-l) (Jarman & Pace, 1984) . It is not clear whether the rate of polymer production is a means of controlling the rate of ATP turnover under conditions of methanol excess or the q A T p imposes the overall rate of polymer product ion.
Product formation by Methylophilus sp. under other nutrient limitations.
In order to examine the possibility that methylotrophs may excrete fermentation products, Methylophilus sp. was grown under oxygen limitation in a chemostat. The severity of oxygen limitation was progressively increased and this resulted in an increase in the steady-state concentration of unmetabolized methanol in the culture ( Table 2) . Under these conditions the yield of cells from methanol and oxygen decreased while the amount of methanol carbon excreted as soluble products increased. Polysaccharide was produced under oxygen limitation but in very low concentrations and it accounted for all the carbon other than lysis products. No other products could be detected by HPLC or FAB mass spectrographic analysis, apart from traces of acetate. Nevertheless, the rate of extracellular polysaccharide production increased fivefold when the severity of oxygen limitation was increased ( Table 2 ). The maximum rates of methanol and oxygen consumption and of C 0 2 excretion were very similar to the maximum values observed under nitrogen limitation (Table 2, Fig. 1 ).
I . D. L I N T O N AND OTHERS
Phosphate limitation. Under phosphate limitation polysaccharide accounted for 90 % of the product carbon excreted ( Table 2 ). The remaining 10% was accounted for as protein. The high levels of supernatant protein under phosphate limitation caused foaming and it was difficult to maintain a constant volume in the fermenter.
Metabolite production fromformafduhyde. As oxygen-limited growth on methanol did not lead to the excretion of fermentation products it could be argued that regeneration of the oxidized form of methanol dehydrogenase may restrict the metabolism of methanol under these conditions. It was therefore interesting to examine the possibility of formaldehyde utilization under these conditions, particularly as this C1 compound is at the same oxidation/reduction level as a carbohydrate.
Carbon limitation was demonstrated by growing the culture on four different concentrations of formaldehyde from 14 to 36 g 1-I (D = 0.05 h-*) which all gave a cell yield between 0.12 and 0.15 g dry wt (g formaldehyde)-'. The low yield from formaldehyde was accompanied by a low yield from oxygen ( , 1980) . Consequently the oxidation of formaldehyde to C 0 2 via the above linear pathway would result in production of a maximum of 4ATP per formaldehyde oxidized compared to 7ATP per mole methanol oxidized via MDH and the dissimilatory RMP pathway. Thus the yield from methanol would be expected to be approximately 57% of that from methanol, i.e. 0.23 g (g formaldehyde)-', which is higher than the experimental values measured (0.12 to 0.15 g g-l) during carbon-limited growth of Methyfophilus sp. on .formaldehyde, suggesting that the formate oxidation step is associated with the production of less than 3ATP per mole formate converted to C 0 2 .
Product fortnation by Pichia pastoris Pichiapastoris was grown in continuous culture at a dilution rate of 0.05 h-' under both carbon and nitrogen limitation; repeated attempts were made to grow the yeast under oxygen limitation, but it proved impossible to attain a steady state, One reason why this organism was difficult to grow, and in particular did not readily reach a steady state under oxygen limitation, may be that it is very sensitive to restriction of the oxygen supply, In one experiment with a nitrogen-limited culture, the air supply was stopped for 2 min and then resumed. This resulted in an immediate wash-out of the culture and formaldehyde (44 mg 1-*) was detected in the culture medium. The cell yield under methanol limitation (0.41 g dry wt g-l) was high compared to published yield values (Sahm, 1977; Tani et af., 1978) although well within the range theoretically possible. Under nitrogen limitation the yield on a dry weight basis appeared to decrease only marginally. However, the nitrogen content of nitrogen-limited cells was considerably lower than that of carbon-limited cells and the yield decreased markedly when expressed as g protein (g methanol)-' ( Table 3) . The low nitrogen content of nitrogen-limited cultures was partially due to the accumulation of intracellular glucose-containing storage material (Table 3) . Under conditions of nitrogen limitation no soluble metabolites were excreted and a greater proportion of methanol carbon was oxidized to C o t compared to that for carbon-limited growth (Table 3) .
Product formation by P.reudomonas extorquens NCIB 9399
Pseudomonas extorquens when grown under methanol limitation exhibited yield values typical of methylotrophs possessing the serine pathway of formaldehyde assimilation. Under nitrogen limitation this organism failed to produce measurable levels of soluble metabolites but as with the yeast, accumulation of intracellular glucose-containing storage material occurred, and the rate of C 0 2 production was considerably higher than that observed during carbon-limited growth (Table 3) .
DISCUSSION
In this study Methylophilus sp., NCIB 12047, the strain possessing the RMP pathway of C, fixation, was the only organism that excreted significant amounts of extracellular metabolites during carbon-sufficient growth on methanol. Metabolite excretion was not detected with Pseudornonas extorquens, which possesses the serine pathway, nor with Pichia pastoris, which is presumed to possess the dihydroxyacetone pathway of C , assimilation. In both organisms overmetabolism of methanol occurred but this was confined to oxidation to C 0 2 . Methylophilus sp. grew readily and produced extracellular polysaccharide under oxygen limitation whereas the other strains, which were unable to produce polymer, grew poorly. Methanol, a small uncharged molecule, probably diffuses into the cell at an appreciable rate. When the respiratory capacity is limited by the supply of oxygen, polymer production is a considerably (three times) faster and more efficient means of methanol (formaldehyde) removal than is oxidation, provided that its production does not lead to a net over-production of reducing equivalents.
An examination of the overall stoichiometry of extracellular polysaccharide production via the various pathways of C1 fixation (Table 4 ) affords an explanation of the experimental results. In the production of an extracellular polysaccharide containing glucose and mannose (3 : 1) from methanol via the RMP pathway the formation of 6 moles of formaldehyde generates 85% of the ATP requirement for the synthesis of a hexose unit of a polysaccharide. The remaining ATP requirement is met by oxidation of 0.142 moles of methanol to C 0 2 via the dissimilatory RMP pathway. Alternatively the incorporation of 1 mole of pyruvate per 2 hexose units of polysaccharide would supply this additional ATP demand. In both cases polymer production is balanced in terms of ATP and reducing equivalents. It is interesting that Methylophilus sp. does not produce exopolysaccharide from formaldehyde but instead oxidizes it to C 0 2 . Unlike polymer production from methanol, production from formaldehyde is ATP limited. Z Polysaccharide production from methane via the RMP pathway is NADH limited (Anthony, 1978 (Anthony, , 1982 because of the NADH requirement of the methane mono-oxygenase reaction. The severity of the NADH limitation is increased in the serine pathway. As a consequence, synthesis of the shortfall of NADH for polysaccharide production results in a concomitant overproduction of PQQH, . Similarly, polysaccharide production via the serine pathway is NADH limited, but the extent of this limitation will depend on whether the formaldehyde dehydrogenase present is NAD linked or not (Table 4) . Here again the extent to which other reducing equivalents are concomitantly over-produced will depend on the extent of the NADH limitation ( Table 4) . As a consequence of the conversion of methanol to formaldehyde via an oxidase in the dihydroxyacetone pathway a higher proportion of additional methanol has to be oxidized to CO, in order to satisfy the biosynthetic demand for ATP via this pathway in comparison to the RMP pathway (Table 4) .
In agreement with our findings, a recent survey of 77 obligate and facultative methylotrophs (Grinberg et al., 1984) reported that the best extracellular polysaccharide producers (in terms of rates and yields) were those possessing the RMP pathway of C1 assimilation. Nevertheless polysaccharide production from methanol by methylotrophs possessing the serine pathway and from methane by those possessing the RMP and serine pathways has been reported. A close examination of the component sugars of these extracellular polysaccharides suggests that their oxidation/reduction state, i.e. the sugar composition, is related to the energetic constraints imposed by the various pathways of C1 fixation as outlined above. For example, extracellular polysaccharides produced by micro-organisms possessing pathways of C fixation that are NADH limited with respect to polysaccharide synthesis contain reduced sugars like rhamnose and fucose, and in most cases uronic acids. The production of uronic acids presumably leads to a reduction in the demand for NADH and to a smaller overproduction of other reducing equivalents. The presence of these reduced sugars under conditions of NADH limitation suggests that their production involves the participation of reducing equivalents other than N AD(P)H.
Examples Misaki et af., 1977 Misaki et af., , 1979 and Hyphomicrobium sp., glucose : mannose : 2-0-methylmannose : pyruvate (2 : 1 : 1 : 1 ; Kanamara et af., 1982) . It is interesting that Methyfornonas mucosa (RMP pathway) produced an extracellular polysacc haride from methanol containing glucose : mannose : galactose :pyruvate (10-30 : 3-15 : 3-15 : 5-35; Finn et af., 1977) whereas an organism from the same genus produced a polysaccharide from methane containing fucose and uronic acids (Meyers & Westlake, 1977) . A mixed culture utilizing methane produced an extracellular polysaccharide containing glucose : galactose : mannose : fucose : rhamnose (1 : 0.36 : 0.19 : 0.3 1 : 0.16) from methane but a polymer containing only glucose : galactose : mannose (1 : 0.67 : 0.42) from methanol (Huq et af., 1978) . Similarly the obligate methane-utilizer Methyfococcus therrnophifus 1 10 (RMP pathway) produced an extracellular polysaccharide containing glucose, mannose, rhamnose, xylose and glucosamine from methane whereas Pseudornonas sp. IT (RMP pathway) produced a polysaccharide containing only glucose, mannose, galactose and pyruvic acid from methanol (Grinberg et af., 1984) .
The bioconversion of methanol into chemicals suffers from one major constraint : whereas in general the yield of a particular product from methanol is likely to be similar to that from glucose on a carbon-carbon basis, the yield from oxygen is likely to be considerably lower (Table 4) . The oxygen demand for extracellular polysaccharide formation from methanol is at least 1 0-fold greater than that for production from glucose (Table 4) .
